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We discuss the character of states near the Fermi level in Mn doped GaAs, as revealed by a survey
of dc transport and optical studies over a wide range of Mn concentrations. A thermally activated
valence band contribution to dc transport, a mid-infrared peak at energy ~ω ≈ 200 meV in the ac-
conductivity, and the hot photoluminescence spectra indicate the presence of an impurity band in low
doped (≪ 1% Mn) insulating GaAs:Mn materials. Consistent with the implications of this picture,
both the impurity band ionization energy inferred from the dc transport and the position of the
mid-infrared peak move to lower energies and the peak broadens with increasing Mn concentration.
In metallic materials with > 2% doping, no traces of Mn-related activated contribution can be
identified in dc-transport, suggesting that the impurity band has merged with the valence band. No
discrepancies with this perception are found when analyzing optical measurements in the high-doped
GaAs:Mn. A higher energy (~ω ≈ 250 meV) mid-infrared feature which appears in the metallic
samples is associated with inter-valence band transitions. Its red-shift with increased doping can be
interpreted as a consequence of increased screening which narrows the localized-state valence-band
tails and weakens higher energy transition amplitudes. Our examination of the dc and ac transport
characteristics of GaAs:Mn is accompanied by comparisons with its shallow acceptor counterparts,
confirming the disordered valence band picture of high-doped metallic GaAs:Mn material.
PACS numbers: 75.47.-m
I. INTRODUCTION
GaAs is an intermediate band-gap III-V semiconduc-
tor, with Eg = 1.5 eV at low temperatures, in which an
isolated Mn impurity substituting for Ga functions as an
acceptor with an impurity binding energy of intermediate
strength, E0a = 0.11 eV.
1,2,3,4,5 Beyond a critical Mn con-
centration, Mn doped GaAs exhibits a phase transition
to a state in which the Mn impurity levels overlap suf-
ficiently strongly that the ground state is metallic, i.e.,
that states at the Fermi level are not bound to a single
or a group of Mn atoms but are delocalized across the
system.6,7 In the metallic regime Mn can, like a shal-
low acceptor (C, Be, Mg, Zn, e.g.), provide delocalized
holes with a low-temperature density comparable to Mn
density, NMn.
8,9,10 (x = 1% Mn-doping corresponds to
NMn = 2.2× 10
20 cm−3 in GaAs:Mn.) The transition to
the metallic state occurs at larger doping in GaAs when
doped with Mn than when doped with shallow acceptors.
Experimentally the transition appears to occur between
NMn ≈ 1×10
20 cm−3 and 5×1020 cm−3, as compared to
the ∼ 1018 cm−3 critical density for the shallow acceptors
in GaAs.11
The hole binding potential of an isolated substitu-
tional Mn impurity is composed of long-range Coulomb,
short-ranged central-cell, and sp − d kinetic-exchange
potentials.3 Because of the kinetic-exchange and cen-
tral cell interactions, Mn acceptors are more localized
than shallow acceptors. A crude estimate of the crit-
ical metal-insulator transition density can be obtained
with a short-range potential model, using the experi-
mental binding energy and assuming an effective mass
of valence band holes, m∗ = 0.5me. This model im-
plies an isolated acceptor level with effective Bohr ra-
dius a0 = (~
2/2m∗E0a)
1/2 = 10 A˚. The radius a0 then
equals the Mn impurity spacing scale N
−1/3
Mn at NMn ≈
21021 cm−3. This explains qualitatively the higher metal-
insulator-transition critical density in Mn doped GaAs
compared to the case of systems doped with shallow,
more hydrogenic-like acceptors which have binding en-
ergies E0a ≈ 30 meV.
5,11
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FIG. 1: Schematic illustrations of the impurity band regime
for low doped insulating GaAs:Mn (upper panels) and of the
disordered valence band regime for the high doped metallic
GaAs:Mn (lower panels). Splitting of the bands in the fer-
romagnetic state is omitted for simplicity. For each regime
the cartoons are arranged from left to right according to in-
creasing doping. Blue areas indicate delocalized states, white
and grey areas localized states. Arrows highlight the red shift
in the impurity band ionization energy and the red shift in
the inter-valence-band transitions, respectively, which are dis-
cussed in Sections II to IV.
The intermediate and magnetic character of extrin-
sic GaAs:Mn makes the physics near its metal-insulator
transition even more complex than in the shallow, non-
magnetic acceptor counterparts and difficult to describe
quantitatively. However, as it is often the case in semi-
conductors, important phenomena occur at or near this
transition doping region. In GaAs:Mn, the most remark-
able among these is the onset of carrier mediated ferro-
magnetism. The understanding of magnetic properties of
these doped semiconductors which are close to the metal-
insulator transition can therefore only emerge from the
understanding of the spectroscopic nature of carriers in
this regime.
Unlike the metal-insulator phase transition, which is
sharply defined in terms of the temperature T = 0 limit of
the conductivity, the crossover in the character of states
near the Fermi level in semiconductors with increased
doping is gradual.7,12,13,14,15 At very weak doping, the
Fermi level resides inside a narrow impurity band (as-
suming some compensation) separated from the valence
band by an energy gap of a magnitude close to the im-
purity binding energy. In this regime strong electronic
correlations are an essential element of the physics and
a single-particle picture has limited utility. Well into the
metallic state, on the other hand, the impurities are suf-
ficiently close together, and the various potentials which
contribute to the binding energy of an isolated impurity
are sufficiently screened, that the system is best viewed as
an imperfect crystal with disorder-broadened and shifted
host Bloch bands. In this regime, electronic correlations
are usually less strong and a single-particle picture often
suffices.
Although neither picture is very helpful for describing
the physics in the crossover regime which spans some fi-
nite range of dopings, the notion of the impurity band
on the lower doping side from the crossover and of the
disordered host band on the higher doping side from the
crossover still have a clear qualitative meaning. The for-
mer implies that there is a deep minimum in the density-
of-states between separate impurity and host band states.
In the latter case the impurity band and the host band
merge into one inseparable band whose tail may still con-
tain localized states depending on the carrier concen-
tration and disorder. We note that terms overlapping
and merging impurity and valence bands describe the
same basic physics in GaAs:Mn. This is because the Mn-
acceptor states span several unit cells even in the very
dilute limit and many unit cells as the impurity band
broadens with increasing doping. The localized and the
delocalized Bloch states then have a similarly mixed As-
Ga-Mn spd-character. This applies to systems on either
side of the metal-insulator transition. We also point out
that for randomly distributed Mn dopants in GaAs the
impurity band is not properly modeled by assuming a
Bloch-like, effective mass character.
The impurity band and the disordered valence band
regimes are schematically illustrated in Fig. 1. In
Sections II to IV of this article we discuss a survey
of previously published dc and ac transport data and
new dc measurements of GaAs:Mn materials grown in
the Nottingham16 and Prague17 molecular-beam-epitaxy
(MBE) systems spanning a wide range of Mn concen-
trations. Our comprehensive study complements pre-
vious investigations of specific narrower doping regions.
It shows that the picture of the crossover from the im-
purity band at low dopings to the disordered valence
band at high dopings, illustrated in Fig. 1 and gen-
erally accepted for the shallow acceptor counterparts
to GaAs:Mn, applies well to the intermediate extrin-
sic GaAs:Mn. The perception of merged impurity and
valence bands in highly Mn-doped metallic GaAs is
now also firmly established in the microscopic theory
community7,15,18,19,20,21,22 and provides a qualitative,
and often a semiquantitative description of micromag-
netic and magnetotransport characteristics of bulk and
microstructured (Ga,Mn)As ferromagnets.6,7,15
3Our article, which we believe further establishes the
valence band nature of the Fermi level states in metallic
GaAs:Mn, is timely as the topic is still not fully settled.
Several recent interpretations of optical measurements in
GaAs:Mn23,24,25 have favored the impurity band picture
of highly doped metallic materials. These works pro-
vided additional motivation for the analysis presented
here, for which we conclude that the optical data in the
high-doped GaAs:Mn are not inconsistent with the dis-
ordered valence band nature of states near the Fermi en-
ergy, inferred from dc-transport.
Finally, before moving to the technical sections let us
remark that comparisons between samples with different
nominal Mn concentrations have to be treated with cau-
tion. The Mn doping parameter should only be consid-
ered as an approximate guideline for qualitative discus-
sions of doping trends. This applies namely to epitaxial
materials with higher Mn concentrations in which nom-
inal, growth-rate controlled Mn doping parameter can
deviate significantly from the amount of Mn impurities
incorporated in the acceptor-like Ga-substitutional po-
sitions. Moreover, the partial densities of various types
of Mn impurities and of other compensating and struc-
tural defects can vary significantly depending on applied
growth conditions.
II. LOW-DOPED INSULATING GaAs : Mn
SYSTEMS WITH IMPURITY BANDS
Narrow impurity bands are expected and have been
clearly observed in Mn doped GaAs samples with carrier
densities much lower than the metal-insulator transition
density, for example in equilibrium grown bulk materials
with NMn = 10
17
− 1019 cm−3.2,26,27 The energy gap be-
tween the impurity band and the valence band, Ea, can
be measured by studying the temperature dependence
of longitudinal and Hall conductivities, which show ac-
tivated behavior because of thermal excitation of holes
from the impurity band to the much more conductive
valence band.2,27,28 Examples of these measurements are
shown in Figs. 2-4.
The activation energy decreases with increasing Mn
density, following roughly the form2
Ea = E
0
a [1− (NMn/N
c
Mn)
1/3]. (1)
The lowering of impurity binding energies at larger
NMn, which is expected to scale with the mean im-
purity separation as expressed in Eq. (1), is apparent
already in the equilibrium grown bulk materials with
NMn = 10
17
− 1019 cm−3. The trend continues in epitax-
ially grown (at 400◦C) GaAs:Mn with NMn ≈ 1 × 10
19
and 6 × 1019 cm−3.29 When this trend is extrapolated
using Eq. (1) it places the disappearance of the gap at
Mn dopings of ∼ 1%. Note that this estimate has a large
scatter depending also on whether all Mn or only ionized
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FIG. 2: Mn doping dependent energy gap between the impu-
rity band and valence band measured in the bulk equilibrium
grown GaAs:Mn and plotted as a function of total Mn density
(top panel) and ionized Mn denisty (bottom panel). All data
are replotted from Ref. 2
Mn impurities are considered when fitting the data by
Eq. (1) (see Fig. 2).2
For NMn ≈ 1× 10
19 cm−3 (x ≈ 0.06%), Ea ≈ 70 meV
and a sharp crossover from impurity band hopping con-
duction to activated valence band conduction is observed
at T ≈ 80−100 K (see Figs. 3 and 4). Near the crossover,
NMn/p ∼ 10
3
− 105 where p is the valence-band hole
density, consistent with the much higher mobility of va-
lence band holes compared to impurity band holes in this
regime for which the distinction is clearly still valid and
useful. (Note that in the bulk equilibrium-grown samples
the temperature at which the crossover occurs appears to
be very sensitive to the detailed disorder configuration at
this Mn doping level, with some samples being strongly
insulating and others showing signatures of filamentary
conducting channels.26,27,29)
For the NMn ≈ 6 × 10
19 cm−3 (x ≈ 0.3%) epitaxial
sample,29 Ea ≈ 50 meV and the crossover from impurity
band conduction to activated valence band conduction
can still be identified at T ≈ 140 K (see Fig. 4). The
notion of the very low mobility impurity band separated
from a Bloch valence band starts to blur at this doping
as the NMn/p ratio near the conduction-type crossover is
only about 100.
In the dilute limit where the system has a narrow in-
sulating impurity band, the ac conductivity is expected
to show a broad mid-infrared feature due to impurity
band to valence band transitions, peaked at energy be-
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FIG. 3: Hole densities determined from the Hall coefficient
measurement as a function of temperature in bulk equilib-
rium grown GaAs:Mn. Inset: temperature-dependent longi-
tudinal conductivity. From Refs. 2,26. Sample Mn(4D) has
Mn density 1.6 × 1017 cm−3, M5: 1.1 × 1018 cm−3, M10:
1.9× 1019 cm−3, Mn5A: 9.3× 1019 cm−3.
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FIG. 4: Same as Fig. 3 for MBE grown (at 400◦C) GaAs:Mn.
From Ref. 29.
tween Ea and 2Ea.
26,30,31 Lower energy peak positions
correspond to shallow acceptors with weakly bound im-
purity states composed of a narrow range of valence band
wavevector Fourier components. The peak near 2Ea and
a line shape σ(~ω) ∼ E
1/2
a (ω¯ −Ea)
3/2/(~ω)3 correspond
to a short-range impurity potential for which a larger
interval of valence band states contributes to the tran-
sition amplitude. Consistent with these expectations a
peak at ~ω ≈ 200 meV is observed in the weakly doped
(NMn ∼ 10
17 cm −3) GaAs:Mn samples (see Fig. 5).1,26,32
At NMn ∼ 10
19 cm −3, the peak is slightly red shifted
(~ω ≈ 180 meV) and significantly broadened.26 Both
the red-shifting and the broadening are expected con-
sequences of increasing overlap between acceptor levels.
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FIG. 5: Infrared photoabsorption crossection measurements
in bulk GaAs:Mn. From Ref. 26. Mn(4): 1.7 × 1017 cm−3,
Mn(5): 9.3 × 1018 cm−3.
In the dilute doping disorder free limit, hot photolumi-
nescence (HPL) can provide another optical spectroscopy
tool, when combined with a reliable measure of the heavy
hole kinetic energy at the valence band to conduction
band excitation energy, to measure the position of a nar-
row impurity band with respect to the top of the valence
band.33 For a GaAs:Mn sample doped with ∼ 1017 cm−3
of Mn, a HPL spectrum has been obtained24 (see also
Fig. 9) that is consistent with excitations from the va-
lence band to the conduction band followed by transitions
of the hot electrons (before their energy is dissipated in
the conduction band) into the impurity level. An edge
can be identified in the spectrum which corresponds to
an impurity level ∼ 120±10 meV above the top of the va-
lence band, in agreement with the above dc and infrared
ac transport data and other experiments.1,2,3,4,5
We conclude that in the low doping regime, the
temperature-dependent dc transport data and the ac con-
ductivity data consistently indicate the presence of an
impurity band and the decrease in Ea as doping brings
the impurity band closer to the valence band. Note that
the activated dc transport marker of the impurity band
is common to both the intermediate Mn acceptor and the
shallow acceptors in GaAs.11 The infrared ac conductiv-
ity feature, on the other hand, appears to be a more sub-
tle and less reliable tool for identifying the presence of the
impurity band. To our knowledge, there are no reports
5of the impurity band transitions in infrared ac measure-
ments for GaAs doped with shallow acceptors. In these
systems, even when weakly doped and still insulating,
the reported infrared ac conductivity peaks are ascribed
to inter-valence-band transitions due to non-zero ther-
mally activated or metallic hole densities in the valence
band.34,35,36 The inter-valence-band transitions in metal-
lic GaAs:Mn will be analyzed in detail in Section IV.
III. IMPURITY-BAND TO
DISORDERED-VALENCE-BAND CROSSOVER
AND HIGH-DOPED METALLIC GaAs : Mn
At higher Mn doping around ≈ 1%, the conductivity
curves can no longer be separated into an impurity-band
dominated contribution at low temperatures and an ac-
tivated valence-band dominated contribution at higher
temperatures, even though the samples are still insula-
tors (see Fig. 6). In metallic materials with x > 2%,
no signatures of Mn-related hole activation is observed
when temperature is swept to values as high as 500 K,
i.e. to T ≈ E0a/2, and before the intrinsic conductance
due to activation across the GaAs band-gap takes over
(see Fig. 6).
For completeness, we show in Fig. 7 temperature-
dependent resistivity curves for a set of metallic, an-
nealed high conductivity ferromagnetic samples, which,
within experimental uncertainty of 20%, show no com-
pensation and conductivities up to ≈ 900 Ω−1cm−1. We
note here that the high-doped metallic GaAs:Mn samples
show only weak temperature-dependence of the conduc-
tivity associated with the onset of ferromagnetism and
that the conductivity varies slowly with Mn composition
in the metallic samples but changes dramatically in going
from 1 to 1.5%Mn in these samples. We also note that no
marked dependence of the hole density on temperature
is observed for metallic samples.8
The absence of the impurity band in high-doped
GaAs:Mn is further evident by comparisons with other
related materials (see Fig. 8) for which the disordered
valence band picture has not been questioned. The
narrower-gap InAs:Mn counterparts to GaAs:Mn, e.g,
in which Mn acts as a shallower acceptor have similarly
low magnitudes and similar temperature-dependence of
the conductivity.37,38,39 Comparably low conductivities
(or mobilities) are also found in epitaxially grown GaAs
doped with ∼ 1020 cm−3 of the shallow non-magnetic
acceptor Mg.40 Note that the highest mobilities in p-
type GaAs with the doping levels ∼ 1020 − 1021 cm−3
are achieved with Zn and C and these are only 5 − 10×
larger as compared to GaAs:Mn (see Fig. 8).41,42.
We also remark that valence band calculations treating
disorder in the Born approximation overestimate the ex-
perimental dc conductivities of metallic GaAs:Mn by less
than a factor of ten43,44 and that any sizable discrepancy
is removed by exact-diagonalization calculations45 (see
also Fig. 12) which account for strong disorder and lo-
calization effects. This provides another confirmation for
the plausibility of the disordered valence band picture.
FIG. 6: Comparison of longitudinal conductivities (upper
FIG. 6: Comparison of longitudinal conductivities (upper
panel) and resistivities (lower panel) of 0.07% and 1% doped
insulating paramagnetic GaAs:Mn, and 2.5% and 7% Mn
doped ferromagnetic (Tc approximately 40 K and 170 K,
resp.) metallic GaAs:Mn grown in the Prague MBE system
with As4 flux. The 0.07% doped material was grown at 530
◦,
the other materials were grown by low-temperature MBE
(240-200◦). The 0.07% doped sample shows clear GaAs:Mn
impurity band – valence band activation at low temperatures,
impurity band exhaustion, and the onset of activated trans-
port over GaAs band gap at high temperatures. The 2.5%
and 7% doped samples show only weak conductance varia-
tions associated with the onset of ferromagnetism until the
activated transport over GaAs band gap takes over.
Similarities between GaAs doped with Mn and with
shallow acceptors, Zn in particular, are also found in
the experimental HPL spectra, as shown in Fig. 9.24,33
6While for doping levels ∼ 1017 cm−3 a sharp onset of
the luminescence at frequencies corresponding to transi-
tions into the impurity bands in these materials is clearly
detected, the HPL impurity band marker is not appar-
ent at high dopings. For the metallic GaAs:Zn with
NZn ≈ 10
19 cm−3 and for the 4% doped GaAs:Mn, the
spectra show only broad luminescence with no clear indi-
cation of an onset but rather a featureless decrease con-
tinuing out towards the laser energy.
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FIG. 7: dc transport measurements in optimally annealed,
metallic ferromagnetic GaAs:Mn (Tc’s between approximately
50 K and 170 K) grown by the Nottingham low-temperature
MBE system with As2 flux. Upper panel: conductivities at
10 K plotted as a function of Mn doping; insulating 1% doped
material grown under the same conditions is included for com-
parison (red dot). Lower panel: temperature dependence of
longitudinal resistivities.
The first infrared ac conductivity measurements in
high-doped GaAs:Mn, reported in Refs. 48,49, were in-
conclusive. Only two samples were compared in both
of these works, with approximately 3% and 5% nominal
Mn-doping. The absence of a clear mid-infared peak in
the 5% material in Ref. 48 and the re-entrant insulating
behavior of the higher doped sample in Ref. 49 suggest
that the growth at this early stage had not been opti-
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FIG. 8: Room temperature Hall mobilities as a function hole
concentration for GaAs doped with Mn (filled circles - present
results, open circles - Ref. 46), C (filled triangles - present
results, open triangles - Ref. 42, Zn (stars - Ref. 41), Be (X
- Ref. 47), Mg (plus - Ref. 40), as well as InAs doped with
Mn (square - Ref. 37,38). Hole concentrations were obtained
from low temperature high field Hall measurements for the
ferromagnetic metallic GaAs:Mn and InAs:Mn films, and from
room temperature Hall measurements for the other films.
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FIG. 9: Left panel: HPL spectra of GaAs doped with
∼ 1017 cm−3 of Zn (see blue arrow) and ∼ 1019 cm−3 of
Zn. From Ref. 33 (replotted in logarithmic scale). Right
panel: HPL spectra of GaAs doped with ∼ 1017 cm−3 of Mn
(see blue arrow), and of ≈ 1% and ≈ 4% GaAs:Mn materi-
als. From Ref. 24. Eex is the HPL excitation energy. Arrows
indicate the spectral feature corresponding to impurity band
transitions in the low-doped materials.
mized so as to minimize the formation of unintentional
defects and to achieve appreciable growth reproducibility.
The more recent and more systematic infrared absorp-
tion measurements23,32,50 for an insulating sample close
to the metal-insulator transition and for a set of metallic
highly doped GaAs:Mn materials are shown in Fig. 10.
The ac conductivity of the 1.7% doped insulating sample
7is featureless in the mid-infrared region.32,50 This can be
interpreted as a natural continuation of the trend, started
in the low doped samples, in which the impurity band
moves closer to the valence band and broadens with in-
creasing doping, becoming eventually undetectable in the
ac conductivity spectra. Note that the disappearance of
the impurity band transitions can in principle result also
from a strong compensation.50 A strong unintentional
compensation in epitaxial GaAs:Mn at the ∼ 1% doping
level is not typical, however. The 1.7% doped sample
from Ref. 50 has a room temperature conductivity in the
dc limit of about 5 Ω−1cm−1, which presumably drops
to a much lower value at 5 K.50 This is consistent with
the σ(T ) dependence of the insulating 1% sample from
the series of epitaxial materials in Fig. 6 which show no
signatures of strong compensation over the entire range
of doping from 0.07-7%.
A new mid-infrared feature emerges in the metallic
> 2% doped samples at frequencies, ~ω ≈ 250 meV, and
is then red-shifted by ≈ 80 meV as the doping is fur-
ther increased to approximately 7% without showing a
marked broadening (see Fig. 10).23,32 The association of
this peak to an impurity band is implausible because of
(i) the absence of the activated dc-transport counterpart
in the high-doped metallic samples, (ii) the blue-shift of
this mid-infrared feature with respect to the impurity
band transition peak in the NMn ∼ 10
19 cm −3 sample,
(iii) the appearance of the peak at frequency above 2E0a,
and (iv) the absence of a marked broadening of the peak
with increased doping. In the following section we argue
that this peak in the infrared conductivity of metallic
GaAs:Mn is consistent with the picture of merged impu-
rity and valence bands in these materials.
IV. RED SHIFT OF THE MID-INFRARED
ABSORPTION ABOVE INSULATOR-TO-METAL
TRANSITION
A mid-infrared peak has been observed in metallic
GaAs heavily doped (∼ 1019 − 1020 cm−3) with shallow
hydrogenic carbon acceptors and explained in terms of
inter-valence-band transitions between heavy holes and
light holes.36 This peak blue-shifts with increasing doping
as the Fermi energy moves further into the valence and,
consequently, the transitions move to higher energies (see
Fig. 11).36,44 The conclusions of previous sections suggest
that the mid-infrared peaks in the metallic GaAs:Mn ma-
terials should be of a qualitatively similar origin. The
red-shift seen in GaAs:Mn can be understood by recall-
ing that while GaAs doped with ∼ 1019 − 1020 cm−3
C is already far on the metallic side, GaAs doped with
∼ 1020 − 1021 cm−3 of Mn is still close to the metal-
insulator transition.
The merging of the impurity band and the valence
band near the transition is illustrated schematically in
Fig. 1. For metallic GaAs:Mn close to the metal-insulator
transition, states in the band tail can still be expected
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FIG. 10: Infrared absorption measurements of GaAs:Mn. Top
panel: comparison of GaAs, low-doped GaAs:Mn and high-
doped as-grown GaAs:Mn materials at 292 K. Middle panel:
Comparison of high-doped as-grown and annealed GaAs:Mn
samples at 7 K. Bottom panel: Absorption measurements for
the 5.2% as-grown GaAs:Mn below and above the ferromag-
netic transition temperature. From Refs. 23,32,50
to remain localized and spread out in energy (see lower
panels in Fig. 1). The red shift of the inter-valence-band
transitions can result from an increased metallicity with
increasing doping. At lower doping the abundance of lo-
calized states in the broad valence band tail enables tran-
sitions which take spectral weight from the low frequency
8region and provide a channel for higher-energy transi-
tions. As doping increases, the valence band tail narrows
because of increased screening. The inter-valence-band
absorption peak then red-shifts as the low-frequency part
of the spectrum adds spectral weight.
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FIG. 11: Infrared absorption measurements of metallic
GaAs:C. From Ref. 36. Inset illustrates the origin of the blue
shift of the mid-infrared peak in these highly metallic systems.
A support for this picture can be found in finite-size
exact-diagonalization calculations reported in Ref. 45
which were intended to address the influence of strong
disorder on the ac conductivity in metallic GaAs:Mn
close to the metal insulator transition. In these numer-
ical data, shown in Fig. 12, the mid-infrared feature is
shifted to lower energies in the higher hole density more
conductive system. In both experimental and numerical
calculation cases, the red-shift of the peaks is accompa-
nied by an increase of the dc conductivity. In experiment,
this correlation is observed both by comparing different
samples and, in a given sample, over the entire range of
temperatures that was studied, below and above the fer-
romagnetic transition temperature (see Fig. 10).23,32,50
As the metal-insulator transition is approached from
the metal side in a multi-band system, it appears that
the spectral weight that is lost from the disappearing
Drude peak, centered on zero frequency, is shifted to
much higher energies, perhaps due to transitions to local-
ized valence band tail states as suggested by the cartoon
in Fig.1. There is a useful sum rule for the conductiv-
ity integrated over the energy range corresponding to the
semiconductor band-gap, provided that the Fermi energy
is not too deep in the valence band and that the valence
band tails do not slide too deeply into the gap.44,45 The
sum-rule optical masses derived on the basis of the ac
conductivity calculations for GaAs:Mn with the Fermi
level in the valence band are consistent with experiment
to within a factor of two to three.23,44,45 (A more quan-
titative comparison is hindered by inaccuracies in the
theoretical modeling of the GaAs:Mn valence bands and
uncertainties associated with the high-frequency cut-off
imposed on the experimental sum rules and with the de-
termination of material parameters, hole densities in par-
ticular.)
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FIG. 12: Exact diagonalization study showing the red shift
of the valence band mid-infrared peak for the Kohn-Luttinger
model assuming lower hole concentration and stronger disor-
der due to larger number of compensating defetcs (dots) and
higher hole density and weaker disorder (rectangles). Lines
are 10th-order polynomial fits to the numerical data to guide
the eye.
We emphasize that no general practical sum rule exists
for the low-frequency part of the ac conductivity and that
a Drude fit of the spectra near the dc limit would tend to
strongly overestimate band effective masses as the metal-
insulator transition is approached. In GaAs:Mn in partic-
ular, most of the experimental ac conductivity curves in
Fig. 10 as well as the numerical simulations in Fig. 12 do
not show a maximum at zero frequency23,32,45,50 which
makes the Drude fitting questionable.
Finally we point out that the absolute conductance
values of the mid-infrared conductivity peak found ex-
perimentally in metallic GaAs:Mn materials, which are
expected to be relatively insensitive to disorder, agree
with the values predicted theoretically by the inter-
valence-band transition calculations.44,45 This includes
both the calculations treating disorder within the Born
approximation44, which overestimate the dc conduc-
tivity, and the exact-diagonalization studies shown in
Fig. 12 which account for strong disorder and localiza-
tion effects.45
9V. SUMMARY
In summary, a number of dc transport and optical
measurements have been performed during the past four
decades to elucidate the nature of states near the Fermi
level in GaAs:Mn in the insulating and metallic regimes.
A detail examination of these studies, complemented
with new dc transport data and comparisons with shal-
low acceptor counterparts to GaAs:Mn, show that impu-
rity band markers are consistently seen in the insulating
low-doped materials. Similar consistency is found when
analyzing experiments in the high-doped metallic materi-
als, in this case strongly favoring the disordered valence
band picture. Our conclusions support the established
theoretical description of GaAs:Mn based on a variety
of different ab initio and phenomenological approaches
which explain many experimental magnetic and magne-
totransport properties of these dilute moment ferromag-
netic semiconductors.
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